The order of genes in eukaryotic genomes has generally been assumed to be neutral, since gene order is largely scrambled over evolutionary time. Only a handful of exceptional examples are known, typically involving deeply conserved clusters of tandemly duplicated genes (e.g., Hox genes and histones). Here we report the first systematic survey of microsynteny conservation across metazoans, utilizing 17 genome sequences. We identified nearly 600 pairs of unrelated genes that have remained tightly physically linked in diverse lineages across over 600 million years of evolution. Integrating sequence conservation, gene expression data, gene function, epigenetic marks, and other genomic features, we provide extensive evidence that many conserved ancient linkages involve (1) the coordinated transcription of neighboring genes, or (2) genomic regulatory blocks (GRBs) in which transcriptional enhancers controlling developmental genes are contained within nearby bystander genes. In addition, we generated ChIP-seq data for key histone modifications in zebrafish embryos, which provided further evidence of putative GRBs in embryonic development. Finally, using chromosome conformation capture (3C) assays and stable transgenic experiments, we demonstrate that enhancers within bystander genes drive the expression of genes such as Otx and Islet, critical regulators of central nervous system development across bilaterians. These results suggest that ancient genomic functional associations are far more common than previously thought-involving~12% of the ancestral bilaterian genome-and that cis-regulatory constraints are crucial in determining metazoan genome architecture.
The evolutionary and functional implications of high-order eukaryotic genome structures remain topics of contention, and have inspired some of the most ambitious evolutionary hypotheses of the genetic and genomic eras (e.g., Doolittle 1978; Lynch 2007; Koonin and Wolf 2010) . Largely absent from these debates has been the question of the local ordering of genes themselves within a genome, generally reflecting the common assumption that gene position within the genome is mostly a secondary concern and/or is usually not constrained (Koonin and Wolf 2010) .
However, a variety of studies suggest that the situation is not so simple. Gene order is nonrandom (Hurst et al. 2004; Oliver and Misteli 2005; Michalak 2008) , with clustering of genes in some species according to metabolic pathways and/or similarity of expression (Lee and Sonnhammer 2003; Fukuoka et al. 2004; Hurst et al. 2004) . Particularly interesting are the genomic regulatory blocks (GRBs) Engstrom et al. 2007; Kikuta et al. 2007) , which usually consist of (1) a trans-dev gene encoding a key transcriptional regulator with a complex spatiotemporal expression pattern, often involved in embryonic development (Woolfe et al. 2005; Kikuta et al. 2007) ; and (2) nearby functionally unrelated bystander gene(s), which contain cis-regulatory sequences for the trans-dev gene within their introns (Fig. 1B) . Gene linkage is thus important in GRBs since breakage of the microsyntenic association would disrupt trans-dev-associated cis-regulatory functions.
Despite these instances of nonrandomness, questions remain about the generality and strength of natural selection in maintaining gene order. First, similarity of expression between neighboring genes could be the result rather than the cause of their proximity (e.g., because of shared chromatin structure). Second, direct studies of selection have produced ambiguous results, with evidence for purifying selection on maintaining gene order in hemiascomycetous yeasts (Hurst et al. 2002; Fischer et al. 2006; Poyatos and Hurst 2007) , but not in Drosophila (Weber and Hurst 2011) , even over short phylogenetic distances. Third, gene order is nearly completely scrambled between humans and model invertebrates Denoeud et al. 2010) . Furthermore, although whole-genome analyses of slow-evolving species and ancestral karyotype reconstructions showed that the chromosome-scale organization (so-called macrosynteny) has been largely conserved since the last common metazoan ancestor, these same studies found almost no traces of preservation of the specific ancestral local gene order (microsynteny) across metazoans (Putnam et al. 2007 Srivastava et al. 2008 Srivastava et al. , 2010 .
Even in cases where selection appears to conserve microsynteny, questions remain about the generality and duration of these forces over evolutionary time. First, known GRBs are generally restricted to vertebrates (Kikuta et al. 2007) or insects , with only three transphyletic GRBs described to date Irimia et al. 2012; Maeso et al. 2012a) . Second, while tandemly duplicated Drosophila genes tend to remain linked (Quijano et al. 2008) , such duplicates usually reflect recent duplications (Thomas 2007; Baldwin et al. 2009 ). This suggests that these associations are short-lived, again with only a few known exceptions (e.g., Hox genes and histone clusters). Third, while coexpression of linked genes is well-established (most strikingly, by usage of bidirectional promoters between genes) (Adachi and Lieber 2002) , few gene linkages are conserved between eukaryotic kingdoms (Davila-Lopez et al. 2010 ). As such, the general paradigm holds that neutral processes dominate microsynteny, particularly over long evolutionary times (Srivastava et al. 2008; Koonin and Wolf 2010) .
We report the first genome-wide analysis of microsynteny conservation across metazoans, analyzing 17 species spanning 1000 million years (MY) of evolution. We identified 795 groups of genes that are associated in four or more major animal taxa, 595 of which correspond to unrelated (nonparalogous) genes, which we term conserved ancestral microsyntenic pairs (CAMPs). Multiple lines of evidence suggest conservation of gene expression coregulation for some CAMPs, and of ancient GRBs involving key trans-dev genes for others.
Results

Identification of ancient conserved gene associations across metazoans
For each pair of neighboring genes in the genome of a given species, we assessed whether the two genes were also tightly genetically linked (with four or fewer intervening genes) in other lineages (see Methods for details). We identified hundreds of pairs in each genome that were conserved across at least four major lineages, ranging from 197 in the tunicate Ciona intestinalis to 842 in the cephalochordate Branchiostoma floridae, and 600 in human (Supplemental Table S1 ). To test this significance we randomized gene order within each chromosome/scaffold. Across 100 replicates per species, we found an average of 0.015 conserved pairs using the same criteria, a false discovery rate lower than 0.0002 for all species (Supplemental Table S1 ).
We then merged the data for each species into a single data set, and filtered for potential annotation errors (see Supplemental File S1), yielding a final set of 795 unique groups of gene pairs (or three or more gene clusters) (Supplemental Table S2 ). Due to high duplication rates, precise orthology and paralogy relationships could not be established for 89/795 groups. These included previously described examples, such as the histone clusters (DavilaLopez et al. 2010 ) and cytochrome-P450 genes (Thomas 2007; Baldwin et al. 2009 ), as well as eight groups of clusters/pairs of important developmental genes (Hox, Wnt, Hes, En, Irx, Six, Tbx, and other homeobox genes).
Another 110 groups included paralogous gene pairs whose group orthology could be more confidently assigned by BLAST. Interestingly, using Bayesian phylogenetic inferences (see Supplemental File S1 for details), we found evidence that at least 68% of these pairs (Supplemental Table S3 ) likely arose by independent tandem duplications in the different lineages and are therefore not ancestrally linked (e.g., the homologs of the human gene C16orf5; Supplemental Fig. S1 ). This suggests a significant level of recurrent evolution of tandem gene duplicates across metazoan genomes (Maeso et al. 2012b) . Alternatively, however, these patterns could also reflect events of gene conversion between ancestral duplicates within each species.
Deeply conserved phylogenetically unrelated gene pairs
We also identified 595 groups of nonparalogous gene pairs. These pairs ranged in degree of conservation, with 377 of them conserved in four out of the 11 studied major metazoan lineages, 153 in five, 46 in six, and 19 in seven or more. Since these gene pairs did not result from tandem duplications, it is very unlikely that they have become linked independently in different lineages, and therefore are likely to represent ancient gene associations. We refer to these gene pairs as conserved ancestral microsyntenic pairs (CAMPs).
To expand the phylogenetic coverage, we next assessed conservation of these 595 CAMPs in four additional phylogenetically key species whose incomplete genome assemblies or annotations precluded their inclusion in the initial analyses: the hemichordate Saccoglossus kowalevskii, the tunicate Oikopleura dioica, and two outgroups, the sponge Amphimedon queenslandica and the unicellular opistokont Capsaspora owczarzaki. With this information, we Becker and Lenhard [2007] ). (C ) Consensus phylogeny of the studied metazoans, showing the total number of CAMPs in each species (in parentheses), and the minimum number of pairs at each node inferred by parsimony (in boxes). Branch lengths correspond to the fraction of gene pairs lost out of the total pairs present in the last common ancestor. Black dots at basal nodes indicate that branch length could not be estimated.
applied parsimony to reconstruct the evolutionary history of CAMPs. At least 378 CAMPs were already present at the origin of Eumetazoans (all animals but sponges and placozoans) and 593 at the origin of Bilateria (two pairs were specific to Protostomes). We also reconstructed the degree of CAMP disruption (fraction of ancestral CAMPs lost) on each branch. Notably, despite several potential sources of error (see Supplemental File S1), branches with high rates of CAMP disruption correspond closely to branches previously shown to have high rates of other genomic changes (e.g., intron loss, gene duplications, genome rearrangements, nucleotide substitutions, etc.) (Kent and Zahler 2000; Lynch and Conery 2000; Stein et al. 2003; Bourque et al. 2005; Bhutkar et al. 2008; Irimia and Roy 2008; Putnam et al. 2008; Denoeud et al. 2010) (Fig. 1C) . For example, generally slow-evolving species such as amphioxus and the mollusk Lottia gigantea have retained 448-492 CAMPs, whereas fast-evolving lineages such as nematodes (12 CAMPs), flies (46), and C. intestinalis (54) have conserved far fewer (Fig. 1C) . These results are also in full agreement with previous studies on lineage-specific losses of chromosomal-scale gene linkage (macrosysteny) (Putnam et al. 2007 Srivastava et al. 2008 Srivastava et al. , 2010 Denoeud et al. 2010; Lv et al. 2011) . These results thus indicate that CAMP evolution closely follows overarching (though still poorly understood) trends of genome evolution.
Functional causes for evolutionary conservation of ancient gene associations
We next sought independent tests that CAMPs have been specifically maintained by selection. We tested predictions made by each of the two known general hypotheses for functional roles of the conservation of microsynteny: coordinated transcriptional regulation (i.e., coregulation) and association of the genes as a GRB (Fig. 1) .
Coregulation of gene pairs
Linked genes may share common cisregulatory sequences, leading to coordinated gene expression (Fig. 1A) . In this case, potential chromosomal breakpoints in the intergenic region between such linked pairs will disrupt expression. We tested six predictions of this scenario: (1) enrichment of divergently transcribed genes (i.e., in a head-to-head or 59-59 orientation) due, e.g., to a bidirectional promoter, (2) preferential conservation of this 59-59 orientation, (3) short intergenic distances, (4) correlated expression patterns, (5) few insulator elements, and (6) highly conserved intergenic sequences (due to functional transcriptional elements).
We found that most CAMPs were organized in a 59-59 orientation (prediction 1). In humans, 54.8% of CAMPs showed this orientation, compared with 26.7% of the control set (i.e., all nonparalogous neighboring gene pairs without conserved microsynteny; P = 1.37 3 10 À9 , x 2 test) ( Fig. 2A) . A similar pattern was found for all species (reaching 68.6% in L. gigantea) except for flies and tunicates (which have similar 39-39 and 59-59 orientations, see below). The 59-59 orientations are far more conserved (prediction 2): Orientation was conserved across all species sharing the CAMP for 51.4% of CAMPs with a 59-59 in human, compared with 15%-25% for other orientations (Fig. 2B) ; indeed, 59-59 CAMPs account for 75.8% of human CAMPs with fully conserved orientation. A similar result was observed for other species (again with the exceptions of flies and tunicates) and for highly conserved CAMPs (five or more lineages; data not shown). Next, we assessed whether CAMPs have shorter intergenic distances (prediction 3), which may facilitate coordinated expression (Davila-Lopez et al. 2010) . In humans, intergenic regions of CAMPs were 2.3-fold shorter than the control set (mean of 48 vs. 113 Kbp, P = 2.3 3 10
À5
, KS test). This pattern was observed for all orientations, although it was strongest for 59-59 orientations (41 vs. 126 Kbp, P = 1.2 3 10 À6 ). Moreover, 59-59 CAMPs with conserved orientation had the shortest intergenic regions of all subsets (29 Kbp). Finally, 59-59 CAMPs were twice as likely to have very short intergenic regions (<1 Kbp, a signature of bidirectional promoters) (Adachi and Lieber 2002) than the control set (12.5% vs 6%, P = 0.001, x 2 test).
To study coexpression of CAMPs (prediction 4), we calculated gene expression correlations across 23,941 different human microarray experiments (conducted using the Affymetrix U133 Plus 2.0 array). Since neighboring genes are known to have higher coexpression than unlinked genes (Fukuoka et al. 2004; Hurst et al. 2004) , we compared each CAMP with a control set of 100 phylogenetically unrelated adjacent gene pairs with the same orientation and similar intergenic distance (see Methods). CAMPs showed significantly higher coexpression levels (average Spearman correlation coefficient, r = 0.30) than both the control sets (r = 0.21, P = 8.7 3 10 À6 , KS test) and random gene pairs (r = 0.14, P = 9.6 3 10 À21 ). For each CAMP, we then ranked its coexpression value relative to its control set and also relative to 100 random gene pairs. The cumulative plot shows an excess of high ranks with respect to both the control and the random set (Fig. 2C , black and gray areas above the red line, respectively). This excess is mostly due to an enrichment in the most highly coexpressed decile (ranks 91-100, red arrowhead in Fig. 2D ). This pattern was observed for all orientations, but was strongest for 59-59gene pairs (data not shown). Finally, to assess whether this may be a general pattern across metazoans, we performed a similar analysis for D. melanogaster, using 1909 published microarray experiments. These showed even stronger coexpression, with 81% of the pairs ranking in the top half of their 100 matched control pairs (50% expected) and 25% in the most highly coexpressed decile (10% expected; Supplemental Fig. S2 ). This excess of coexpression of CAMPs relative to other neighboring pairs is consistent with selection to maintain some CAMPs because of shared transcriptional regulatory elements. We next investigated whether intergenic regions separating CAMPs show few insulators (prediction 5), which may impose a barrier for coordinated expression. Using insulators defined by chromatin signatures in nine human cell lines (Ernst et al. 2011) , we found that CAMPs had significantly fewer intergenic insulators than their matched controls (0.062 vs. 0.076 insulators/Kbp, P = 6.4 3 10 À5 , KS test). This was more evident for 59-59 orientations (0.054 vs. 0.070 insulators/Kbp, P = 1.4 3 10 À5 ) and for relatively short intergenic regions (<50 Kbp, 0.047 vs. 0.073 insulators/Kbp, P = 2.9 3 10
À4
). In contrast, CAMPs showed a higher density of transcriptional enhancers (Ernst et al. 2011 ) in intergenic regions (0.180 vs. 0.155 enhancers/Kbp, P = 0.022), in particular for highly coexpressed genes (see below). Finally, intergenic sequence conservation was also significantly higher in CAMPs than in nonconserved pairs (average mammalian phastCons score of 0.18 vs. 0.14, P = 2.9 3 10 À6 ), fulfilling prediction 6.
In summary, coordination of gene expression is likely to explain the preservation of many CAMPs. One example involves the mitochondrial chaperonin genes Hspe1 and Hspd1, which are found together in nearly all studied species, from humans to the unicellular holozoan Capsaspora (and also in fungi) (Davila-Lopez et al. 2010) , in a conserved 59-59 orientation. In humans, they have a very short intergenic distance (<1 Kbp) and are known to share a bidirectional promoter (Hansen et al. 2003) . In agreement with this, both genes show high coexpression levels in our microarray analysis (r = 0.81, rank = 99). Some other strongly coexpressed pairs in humans include: UBA3-ARL6IP5 (r = 0.84, rank = 100), HNRNPA2B1-CBX3 (r = 0.84, rank = 100), HADHA-HADHB (r = 0.79, rank = 100), and ZMYM3-NONO (r = 0.83, rank = 100).
Genomic regulatory blocks (GRBs)
Another major cause of conserved gene linkage may be preservation of GRBs. The typical GRB comprises a trans-dev gene and one or more functionally unrelated bystander genes, whose introns harbor cis-regulatory sequences that act on the trans-dev gene promoter (Fig. 1B) . Thus, separation of the genes in a GRB is likely to result in misregulation of the trans-dev gene. Several features of known GRBs are not expected from gene pairs with coordinated expression, yielding four specific predictions: (1) presence of a transdev gene and one or more non-trans-dev bystander genes, (2) extensive intronic sequence in the bystander gene, (3) evolutionary conservation of intronic sequence in the bystander gene, specifically in relatively short highly conserved noncoding regions (HCNRs), and (4) transcriptional enhancers (acting on the trans-dev gene) in bystander introns.
In order to test these predictions, we first identified trans-dev genes using Gene Ontology (see Methods). A total of 29.4% of conserved CAMPs in human were composed of a trans-dev and a non-trans-dev gene, compared with 19.5% in the control set (P = 6.0 3 10 À4 , x 2 test). Similar patterns were found in all species, with even higher proportions of trans-dev-plus-nondevelopmental CAMPs in fast-evolving species such as tunicates and flies (54.6% and 42.9%, respectively). This is consistent with the lower fraction of 59-59 (putatively coregulated) CAMPs in these lineages. We next studied bystander gene's introns (prediction 2). We found higher intron number (P = 7 3 10 À4 , KS test) and average intron length (twice as long; P = 1.7 3 10 À6 ) in bystander genes relative to controls (Fig. 3A,B) . Greater intron length mostly reflected a subset of very long introns (a feature generally associated with the presence of HCNRs) : Bystander genes have an average of 2.7 introns longer than 10 Kbp, compared with 0.9-1.1 in the other gene sets (P = 2.3 3 10 À8 ) (Fig. 3C ). We also found higher conservation of intron sequences in trans-dev and bystander genes than in the respective control sets (prediction 3; P = 0.0017 and P = 3.2 3 10 À5 , respectively, using mammalian phastCons scores) (Siepel et al. 2005) . In contrast, CAMPs with no trans-dev gene showed no greater intronic conservation than their matched controls (Fig. 3D) . Because enhancers likely constitute only a small fraction of all intronic sequence, we expect an even stronger enrichment of HCNRs than overall sequence conservation. Consistent with this, putative bystander genes in CAMPs had six to 10-fold more HCNRs than in nonconserved pairs, both for ancient conserved noncoding elements (aCNEs0) (Lee et al. 2011 ) (6.2 vs. 1.0 aCNEs/Mbp, P = 1.4 3 10 À4 ) (Fig. 3E) , and for VISTA HCNRs (Visel et al. 2007 ) (1.6 vs. 0.2 VISTAe/Mbp, P = 0.036). Finally, following prediction 4, CAMP's bystander introns had a higher density of functionally defined transcriptional enhancers (Ernst et al. 2011 ) than the control set (0.194 vs. 0.180 enhancers/Kbp, P = 1.5 3 10 À7 ) (Fig. 3F ). These four lines of evidence thus suggest that a subset of CAMPs are likely GRBs.
Experimental evidence for GRBs in vertebrate development
The ancient GRBs we identified typically involve genes from well known developmental gene families, such as Fox, Fgf, Tbx, Sox, Smad, etc. (Supplemental Table S4 ). Therefore, despite the significantly higher density of enhancers active in cell lines (Ernst et al. 2011) , the major effect of bystander-contained enhancers is expected during embryonic development. In order to test this hypothesis, we used chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) for three key epigenetic marks in zebrafish embryos at 24-h post-fertilization (hpf): Histone 3 Lysine 4 trimethylation (H3K4me3, marks active promoters), Histone 3 Lysine 4 monomethylation (H3K4me1, often marks active enhancers when not overlapping with H3K4me3), and Histone 3 Lysine 27 trimethylation (H3K27me3, often marks inactive promoters, and indicates genes with tissue-specific expression patterns in whole embryos) (Turner 2007; Akkers et al. 2009; Margueron and Reinberg 2010) . We searched for conservation of (Fig. 4A) , and with a higher density (P = 0.003) (Fig. 4B) . These results suggest that conserved GRBs have complex cis-regulatory landscapes in zebrafish development. Importantly, we found that H3K27me3 is significantly increased in trans-dev, but not in bystander genes in whole zebrafish embryos (Fig. 4C-E) . This suggests that, globally, the trans-dev genes of GRBs, but not the enhancer-containing bystanders, have complex tissue-specific expression patterns (Akkers et al. 2009) .
A striking case of conserved GRB involves the ISL LIM homeobox (Isl). Isl plays important conserved roles in animal development, in particular in neuron ontogeny in diverse phyla (Thor and Thomas 1997; Jackman et al. 2000; Voutev et al. 2009; Liang et al. 2011 ). We found that Isl genes are linked to Scaper/ssp3 (S-phase cyclin A-associated protein in the ER) genes in nearly all studied species, from sponges to humans, for over 1000 MY of evolution (Fig. 5A) . In human, SCAPER spans ;500 Kbp and contains 16 introns longer than 10 Kbp, as expected for a bystander. Furthermore, the expression patterns of these two genes are very different in flies (r = 0.08), humans (r = À0.07), and zebrafish (Fig.  5B) . In 24-hpf zebrafish embryos, isl2a is expressed in specific cephalic neuronal domains and in discrete neurons in the spinal cord (arrow), and in hindgut (red arrow)-a pattern conserved in other animal lineages (Jackman et al. 2000; Gelbart and Emmert 2010; Graveley et al. 2011 )-whereas scaper is not expressed at this stage.
In zebrafish, ChIP-seq data for H3K4me1 showed three potential enhancers within scaper at 24 hpf (red bars in Fig. 5C ), whereas H3K4me3 indicated that isl2a's promoter is active but scaper's is not (Fig. 5C) , suggesting that the active enhancers within scaper may be acting on isl2a. We thus used the GFP reporter vector ZED (Bessa et al. 2009 ) to examine the enhancer activity of the three H3K4me1+/H3K4me3À peaks in stable zebrafish transgenic lines. One of them (red asterisk in Fig. 5C ) promoted GFP expression in different neuron populations and hindgut, two domains coexpressing the endogenous Isl2a protein, as shown by ISH and immunocolocalization ( Fig. 5; Supplemental Fig. S3 ). These results strongly suggest that at least this scaper-contained enhancer is acting specifically on isl2a, and provide a plausible explanation for the conservation of this gene association.
Another interesting case is the homeobox transcription factor Otx (Fig. 6 ). This gene is involved in establishing a deeply conserved early anterior-posterior (A-P) brain patterning (Simeone et al. 1992; Hirth et al. 2003; Castro et al. 2006; Irimia et al. 2010) and is expressed in the anterior nervous system of nearly all studied bilaterians (Simeone et al. 1992; Williams and Holland 1996; Hirth et al. 2003; Lowe et al. 2003; Scholpp et al. 2007 ). We found that Otx is linked to Ehbp1 (EH domain binding protein 1) in nearly all species, from placozoans to humans, spanning over 700 MY (Fig. 6A) . As in the case of Isl-Scaper, the expression of OTX1 and EHBP1 is very different in human (r = À0.12) and in zebrafish (Fig. 6B) . During early zebrafish development, only otx1b is expressed in the embryo, mainly in the cephalic region. In addition, zebrafish ehbp1 also has several long introns that contain potential enhancers, as indicated by high levels of H3K4me1 without H3K4me3 (Fig. 6C) . We therefore generated stable transgenic zebrafish reporter lines for three of these H3K4me1 peaks, one of which drove strong and consistent expression to the classical conserved Otx anterior domain in the central nervous system. Next, to test whether the remaining ehbp1 intronic sequences may also contain other otx1b cis-regulatory elements, we performed chromosome conformation capture (3C) assays (Hagège et al. 2007 ) to explore physical interaction between several regions of the ehbp1 gene (red arrows in Fig. 6C ) and the otx1b promoter. This assay confirmed the interaction of the identified enhancer, and revealed another potential cis-regulatory element within the ehbp1 intron that clearly contacted the otx1b promoter (Fig. 6C) . Collectively, these results show that ehbp1 contains cis-regulatory elements that specifically regulate the expression of otx1b in deeply conserved domains.
Discussion
We have reported a large number of genes belonging to conserved ancestral microsyntenic pairs (CAMPs) shared across several deeply diverged metazoan lineages. In contrast to the few previously described cases of deeply conserved microsynteny, nearly all of which involve tandemly duplicated gene pairs or clusters, we found nearly 600 pairs of unrelated genes that are closely physically linked in several major bilaterian lineages spanning over 600 MY of animal evolution (half of them already present in the nonbilaterian ancestors, 700-1000 MY ago). Moreover, these numbers are likely underestimates, since most genome sequence assemblies used in our study are highly fragmented into relatively small scaffolds (Supplemental Table S1 ). Thus, much of the microsynteny in most organisms could not be truly evaluated and was conservatively considered to be nonconserved.
These results are quite unexpected in light of previous studies of pairwise conservation. Current and previous comparisons between pairs of distantly related species show very little conservation of local microsynteny (e.g., only ;1%-5% between humans and other lineages; Supplemental Fig. S4) . Indeed, even studies of slow-evolving metazoans, which found conservation of chromosome-level linkage (e.g., genes on the same chromosome in humans also tend to be on the same chromosome in cnidarians) found very little or no microsyntenic conservation across several species (Putnam et al. 2007 Srivastava et al. 2008 Srivastava et al. , 2010 . Our finding that comparable fractions of gene linkages (e.g., including 1%-2% of genes in humans; Supplemental Table S1 ) have been independently conserved in several different lineages is therefore quite unexpected, and implies that the same specific subset of gene linkages have been actively retained in widely diverged lineages (including examples even in typically fast-evolving species) (Chavali et al. 2011; Lv et al. 2011; Weber and Hurst 2011) . Accordingly, we have provided extensive evidence that many of these associations have been conserved due to functional reasons. First, many CAMPs show high coexpression levels in humans and/or flies, suggesting that they may share cisregulatory inputs resulting in coordinated transcription. Second, we found more than 100 putative ancient GRBs, often involving important developmental regulators, substantially adding to the Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by genome.cshlp.org Downloaded from three previously known trans-phyletic GRB Irimia et al. 2012; Maeso et al. 2012a ). The deep conservation of GRBs suggests that they may underlie the remarkable conservation of some developmental genetic programs, such as the A-P patterning of the bilaterian central nervous system (in the case of OtxEhbp1) or neuronal ontogeny (Isl-Scaper). At the same time, the conservation of some GRBs in lineages with very different body plans or cell types is intriguing. For example, in the case of Isl, it is not clear which common regulatory role may be responsible for the conservation of the association between bilaterians and sponges, which have no proper neurons (Hooper and Van Soest 2002; Sakarya et al. 2007 ).
The phylogenetic distribution of CAMPs also shows that, despite their deep conservation, many of the associations have been repeatedly lost in different lineages. This was observed even for extremely conserved CAMPs such as the coexpressed mitochondrial chaperonins HSPE1-HSPD1 (lost in flies) and the GRBs described in detail in the present study (Figs. 5A, 6A ). Different causes may underlie the loss of these associations. For example, major modification of body plans may render some of the regulatory constraints obsolete, and thus the microsynteny can be lost, presumably without selective cost (as in the case of Hox clusters) (Duboule 2007) . Alternatively, associations within GRBs could be disentangled through the acquisition of genetic redundancy Figure 5 . Functional characterization of the GRB of isl2a-scaper in zebrafish. (A) Phylogenetic distribution of the GRB across the studied metazoan species. The GRB was only not conserved in C. elegans and N. vectensis. (B) Top and middle panels are 24-h post fertilization (hpf) zebrafish embryos showing the expression patterns of isl2a and scaper. isl2a is expressed in discrete neurons in the spinal cord (arrow) and in the proctodeum (arrowhead), while scaper is not detectable at this stage. The third panel is an embryo at a similar developmental stage showing GFP expression promoted by an enhancer located within the intron of scaper (asterisk in C). This enhancer is active in isl2a-expressing territories. The bottom panel shows immunodetection of the transgenic GFP (green), the endogenous Islet proteins (red) and the overlay between the two showing coexpression. (C ) Distribution of H3K4me3, H3K4me1, and H3K27me3 tracks along the isl2a-scaper GRB in 24-hpf zebrafish embryos. H3K4me1 peaks tested for enhancer activity in zebrafish stable transgenic lines are shaded in red. H3K4me3 and H3K27me3 distribution show that scaper is inactive and this stage and that isl2a is tissue specific, suggesting that the H3K4me1-positive enhancer may be acting on the active isl2a promoter. (Below) Conservation track from the UCSC Genome Browser. Figure 6 . Functional characterization of the GRB of otx1b-ehbp1 in zebrafish. (A) Phylogenetic distribution of the GRB across the studied metazoan species. The GRB was not conserved in D. melanogaster, C. elegans, and N. vectensis. (B) Top and middle panels are zebrafish embryos at 24 hpf showing the expression of otx1b and ehbp1 genes. otx1b is detected in the anterior brain, while ehbp1 is expressed in the yolk. (Lower panel) GFP expression promoted by an enhancer located within the intron of ehbp1 (asterisk in C). This enhancer is active in most tissues expressing otx1b. (C ) Distribution of H3K4me3, H3K4me1, and H3K27me3 tracks along the otx1b-ehbp1 GRB in 24-hpf zebrafish embryos. H3K4me1 peaks tested for enhancer activity in zebrafish stable transgenic lines are shaded in red. The regions that physically interact in 3C assays with the otx1b promoter are shaded in blue. H3K27me3 distribution indicates that otx1b, but not ehbp1, has tissuespecific expression; hence, H3K4me1 enhancers located in ehbp1 introns are likely acting on otx1b. (Below) conservation track from the UCSC Genome Browser. (D) Graph showing a 3C experiment to detect interaction between different ehbp1 intronic regions and the otx1b promoter in 24-hpf embryos. A fixed primer (yellow arrow) was set at the otx1b promoter, and seven regions were assayed for interaction with that promoter using different primers (red arrows) distributed along the ehbp1 intronic genomic area. The highest cross-linking frequency value is set to 1. Error bars indicate standard error (n = 3).
( McEwen et al. 2006; Kikuta et al. 2007; Navratilova et al. 2010; Goode et al. 2011; Maeso et al. 2012a) . Complex genes are often regulated by a redundant set of cis-regulatory elements, which increase robustness, and are continuously evolving ( Jeong et al. 2006; Hong et al. 2008; Frankel et al. 2010; Perry et al. 2010; Schmidt et al. 2010) . For example, if a new, redundant cis-regulatory module arises outside of the bystander gene (e.g., in the intergenic region), the bystander gene could be now translocated without affecting the trans-dev gene's regulation. In a more complex scenario, duplication of the gene pair (either by whole-genome or segmental duplication) can aid this process. In coregulated gene pairs, each gene of the pair could be reciprocally lost from one of the duplicated regions while keeping the common cis-regulatory elements in both, therefore becoming two nonassociated genes with fully functional regulatory landscapes. In the case of GRBs, the coding sequences of extra bystander gene copies may be erased, while the trans-dev-associated regulatory elements are conserved (McEwen et al. 2006; Kikuta et al. 2007; Maeso et al. 2012a) .
Finally, the extent of ancient conserved microsynteny we have uncovered is even more striking when considering that the ancestral bilaterian likely had fewer than 10,000 unique genes (Miller and Ball 2009) : Thus, over 12% of these are involved in close microsyntenic relationships conserved in multiple lineages to this day. It can thus be argued that microsynteny is among the most conserved features of metazoan genomes, and that ancient cis-regulatory inputs may be far more common than currently appreciated (Royo et al. 2011) . We expect that as metazoan genomes continue to be sequenced at an ever-faster rate, many more microsyntenic relationships will be discovered, and many more details surrounding their role as key components of the genome's architecture will be revealed.
Methods
Genome-wide search for deeply conserved gene pairwise associations
We downloaded full genome annotations for the initial 13 species (Supplemental File S1). For multiple-transcript genes we used only the longest protein isoform. Homologs were identified by pairwise BLASTP [E-value <10 À5 without filtering for low complexity sequences (-F F)].
For each pair of immediately adjacent protein-coding genes (excluding noncoding RNA genes, pseudogenes, etc.) in each genome, we asked whether the first or second best BLAST hits for both proteins were also neighboring in each of the 12 other genomes. This was defined as on the same chromosome/scaffold with four or fewer intervening genes, a threshold chosen to deal with: (1) common annotation errors (e.g., spurious automatic gene models, split genes), and (2) the fact that GRBs often include nonadjoining genes (Kikuta et al. 2007 ). Cutoffs of three to 10 intervening genes yielded similar results; Supplemental Fig. S5 ). Based on randomization simulations (see below), we considered a gene pair conserved if it was linked in four total lineages (except vertebrates, each species was considered a distinct lineage, since pairwise species comparisons showed no enrichment for pair conservation due to phylogenetic proximity, except within vertebrates; Supplemental Fig. S4 ). To determine ''conservation'' by chance, we randomized gene order within each chromosome/scaffold for each of the 12 species, with 100 replicates. These simulations indicated that a cutoff of four or more lineages with four or fewer intervening genes yields a false-positive discovery rate of <0.0002 per gene pair for all species (Supplemental Table S1 ).
Generation of a unique data set of ancient microsyntenic gene pairs
Conserved pairs for each of the 13 species were then merged into a single data set of nonredundant groups. Each unique group contained the syntenic pairs for all species in which it was conserved, including duplicates of the pairs within species (e.g., paralogons in vertebrates resulted from the two rounds of wholegenome duplication), if any. Next, we assessed whether the genes were related (paralogous pairs), and filters were applied to account for reciprocal blast consistency and common annotation errors (see Supplemental File S1 for details).
To reconstruct the history of linked duplicate genes, we performed Bayesian phylogenetic inferences for genes for all species for each pair, to distinguish (1) independent tandem duplications (clustering of genes by species on phylogenetic trees) and (2) retained ancestral linkage. Statistical significance was tested by comparison to randomized trees with the same topology (see Supplemental File S1 for details).
We also studied disruption of CAMPs. First, we assessed conservation in four additional species: S. kowalevskii, O. dioica, A. queenslandica, and C. owczarzaki using tBLASTN against the assembled contigs (Supplemental File S1). Then, we applied parsimony to infer the number of CAMPs that were present at each node of a consensus phylogenetic tree, and estimated the fraction that were disrupted along each branch.
Coexpression of CAMPs using microarray data
We downloaded the full set of experiments from Affymetrix Human Genome U133 Plus 2.0 Array and Affymetrix Drosophila Genome 2.0 Array (GEO accession nos. GPL570 and GPL1322). After excluding experiments with missing probes, we obtained a matrix with 54,608 probes with data for 23,941 experiments in humans, and 13,935 probes with data for 1909 experiments in Drosophila. The expression levels were converted to ranks within each experiment to correct for different measurement and normalization methods.
Of the CAMPs with no intervening genes, 279 in humans and 27 in Drosophila had at least one probe for each gene. For these, we calculated the correlation coefficient for gene expression between the two genes. For comparisons, we generated two control sets for each conserved pair: (1) 100 nonparalogous, nonconserved gene pairs with the same orientation and the most similar intergenic distances; (2) 100 pairs of two randomly selected nonsyntenic genes. Then, the correlation coefficient of each conserved pair was ranked with respect to each of its two control sets. When multiple probes covered a gene, we used the combination of probes that gave the highest correlation (for both test and control sets). Using the average between probes gave the same pattern of higher coexpression between conserved pairs.
Study of genome structure
Orientation and intergenic distance were calculated from GFF/GTF annotation files, using the stable transcript for Ensembl genomes, and the best gene models for other genomes. We merged all gene isoforms into a single intron-exon structure to determine intron number/lengths. Global sequence conservation was calculated using the phastCons46wayPlacental scores from UCSC Comparative track (http://genome.ucsc.edu/). Only sites with scores >0 (confidently aligned across genomes) were used for calculations. HCNRs were obtained from two sources: (1) vistaEnhancers track at UCSC, and (2) ancient conserved noncoding elements (aCNEs) (Lee et al. 2011) . Active strong enhancers and insulators for nine human cell lines were obtained from Ernst et al. (2011) . Data for all cell lines were merged into a unique, nonredundant set of coordinates.
To study GRBs, we defined developmental (trans-dev) genes as genes with GO terms embryo development (GO:0009790) and/or organ development (GO:0048513). For comparison, we also defined two sets of CAMPs composed of two nondevelopmental genes, based on the analyses of coexpression presented above: pairs of highly coexpressed nondevelopmental genes (r > 0.40, likely enriched in gene pairs conserved due to coregulatory reasons) and of weakly coexpressed nondevelopmental genes (r < 0.05). In addition, each of these conserved pair sets had its corresponding control set, consisting of similar nonparalogous syntenic pairs (i.e., bystander plus trans-dev or highly/lowly coexpressed) that are not evolutionarily conserved.
Experimental analyses in zebrafish embryos
Chromatin immunoprecipitation (ChIP) was performed following the protocol described in Wardle et al. (2006) with minor modifications, and Genome Analyzer (Illumina) ChIP-seq was performed as described in Bogdanovi c et al. (2012) (see Supplemental File S1 for details). Highly enriched regions (peaks) of histone methylation were obtained by the MACS (v.1.3.3) algorithm (Zhang et al. 2008 ) using standard settings with one modification (mfold = 20). Twenty-five randomly selected peaks were verified by qPCR and compared with their random controls (false-positive discovery rate [FDR] <0.04). The PCRs were performed on 1:50 dilutions of the ChIP samples using the C1000 Thermal Cycler (BioRad).
For each H3K4me1-positive peak that was tested in stable zebrafish transgenic assays, we designed primers to span the whole region plus ;100 nt at each side (primer sequences are available in Supplemental Table S5 ). Specific details for cloning, preparation, and injection of candidate enhancer sequences into zebrafish eggs, as well as for in situ hybridization and immunostaining, are provided in Supplemental File S1; in all cases, previously described protocols were followed with minor modifications (Kawakami 2004; Tena et al. 2007; Bessa et al. 2009 ). 3C assays were performed as referred in Hagège et al. (2007) and Tena et al. (2011) , (see Supplemental File S1). A set of locus-specific primers (Supplemental Table S5 ) was designed to perform qPCRs to measure relative enrichment in each ligation product. Negative control primers were designed ;30 Kbp upstream of and downstream from the regions of interest. PCR values were normalized with primers for Ercc3. ChIP-seq data for H3K4me1 and H3K4me3 were downloaded from the NCBI Gene Expression Omnibus (GEO) (GSE32483, http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=vnyhbkqayaioczc& acc=GSE32483).
Data access
H3K27me3 short read data have been submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE35050.
